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Neutrino beam facilities, like spallation neutron facilities, produce copious quantities of neutrinos
from the decay at rest of mesons and muons. The viability of decay-in-flight neutrino beams as sites
for decay-at-rest neutrino studies has been investigated by calculating expected low-energy neutrino
fluxes from the existing Fermilab NuMI beam facility. Decay-at-rest neutrino production in NuMI is
found to be roughly equivalent per megawatt to that of spallation facilities, and is concentrated in the
facility’s target hall and beam stop regions. Interaction rates in 5 and 60 ton liquid argon detectors at
a variety of existing and hypothetical locations along the beamline are found to be comparable to the
largest existing decay-at-rest datasets for some channels. The physics implications and experimental
challenges of such a measurement are discussed, along with prospects for measurements at targeted
facilities along a future Fermilab long-baseline neutrino beam.
I. INTRODUCTION
Neutrino beams have played an integral role in the un-
derstanding of neutrino oscillations and interactions in
matter. Beam neutrinos are produced in the decay of
K and pi meson secondaries from collisions of an ac-
celerated proton beam with a target. Using focusing
magnetic horns, mesons can be directed to and decayed
in a drift region, producing a tuneable beam of high-
energy neutrinos. Recently, the J-PARC Neutrino Ex-
perimental Facility [1], the CNGS beam at CERN [2],
and the Booster [3] and Main Injector [4] beams at Fer-
milab have served as primary neutrino physics facilities
producing decay-in-flight (DIF) neutrinos and antineu-
trinos in the ∼0.5-50 GeV range. Detectors situated in
the paths of these beams have produced an impressive
array of physics including measurement of neutrino os-
cillations [5–7], searches for sterile neutrinos [8], and new
insights into nuclear/nucleon structure [9].
While producing a high-energy neutrino beam, these
facilities also produce a far-more-copious flux of lower-
energy neutrinos from the decay at rest (DAR) of pions,
kaons, and muons. A large majority of charged mesons
produced by proton beams are not focused by the horns
and instead DAR in or near the target. Of the horn-
focused component, many mesons and product muons
reach the end of the beam drift region without decay-
ing, instead terminating via DAR in large beam stops.
The resultant fluxes of DAR νe, νµ, and νµ are similar
in character to those produced at nuclear physics facili-
ties primarily dedicated to the production of spallation
neutrons [10]. These neutrinos are useful for a variety of
purposes. The low energies and well-understood neutrino
flavor composition and spectra of kaon, pion, and muon
∗ cpgrant@bu.edu
† blittlej@iit.edu
DAR allow for sterile oscillation searches in a variety of
channels at short baselines [11–15]. Pion and muon DAR
neutrinos in the 10-50 MeV are also ideal for detection via
neutrino-nucleus coherent scattering [16]. Finally, obser-
vation of µ+ DAR νe in a liquid argon TPC (LArTPC)
would elucidate the range of complex final states pro-
duced by supernova and solar neutrinos in future large
underground LArTPCs, such as DUNE [17].
Due to their high power and protons-on-target (POT),
existing spallation neutron facilities have been the pri-
mary focus of completed or proposed DAR experiments.
Less attention has been given in the literature to fluxes
and facilities available for decay-at-rest experiments at
decay-in-flight neutrino beam facilities. Existing stud-
ies have focused on the Fermilab-based NuMI and BNB
beams: some have indicated promising physics capabil-
ities with respect to coherent neutrino scattering [18],
while others have highlighted the advantages of spallation
neutron source-based experiments relative to Fermilab-
based opportunities [19].
In this paper, we seek to clarify the potential of cur-
rent and future DAR opportunities at Fermilab by more
broadly exploring the low-energy neutrino flux provided
by NuMI neutrino beamline. We present simulated fluxes
of pion, muon and kaon DAR neutrinos separately for the
NuMI target and beam dump and give expected fluxes
and interaction rates in existing Fermilab LArTPCs and
in hypothetical LArTPC deployments in or near existing
Fermilab facilities. We then discuss the physics potential
of these scenarios, some of which may be achievable with
existing detectors and modest extensions of existing Fer-
milab infrastructure. Similar opportunities with future
Fermilab neutrino beams are also discussed.
II. METHOD
The calculation of neutrino production by the NuMI
beam was performed using the NUMIX collaboration’s
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2G4NuMI software, a pure Geant4-based code [20, 21]
that propagates particles through a realistic geometry
of the NuMI beam facility. The geometry includes the
target hall containing a graphite target followed by two
magnetic focusing horns, all of which is encased in layers
of steel and concrete shielding. A 675 m long, 2 m diam-
eter steel decay pipe begins at the end of the target hall
and is filled with helium gas. A beam dump, called the
NuMI hadron absorber, is located at the end of the decay
pipe and is made up of a 1.3 m wide × 1.3 m high × 4.75
m long core containing aluminum blocks and ten steel
blocks, surrounded by additional steel and concrete. The
entire beam line is centered along one axis in a cylindrical
world volume of rock 1200 m long and 25 m in diame-
ter extending roughly 400 m past the absorber end. The
origin in Cartesian coordinates, (x, y, z)=(0, 0, 0) m, is
defined to be the center of the upstream face of the first
horn. The beam of 120 GeV protons is generated in the
+z-direction at (0, 0,−4) m. Further description of the
NuMI facility can be found in Ref. [4].
The main source of DIF neutrino production comes
from K+ → νµµ+ and pi+ → νµµ+, with decay products
boosted in the +z direction. For DAR, the primary neu-
trino production channels are K+ → νµµ+, pi+ → νµµ+,
and µ+ → νµνee+. Other contributions also come from
µ−p → nνµ (nuclear capture) and µ− → νµνee− (de-
cay in orbit around the atomic nucleus). Fluxes incident
on 1 m2 areas are calculated at pre-defined locations in
(x, y, z) coordinates. To good approximation, all DAR
neutrinos are emitted isotropically.
The existing G4NuMI beam simulation can be tuned
to stop tracking particles that fall below a user-defined
kinetic energy. This adjustment is useful for flux calcu-
lations of DIF neutrinos above several hundred MeV, de-
creasing computation time dramatically. However, track-
ing cuts on the kinetic energy did not allow production of
DAR neutrinos and were not reliable below ∼250 MeV.
In this work the cut was removed and daughter parti-
cles were tracked down to zero kinetic energy. Flux cal-
culations of DIF neutrinos at MINOS were reproduced
to confirm that no significant alteration to fluxes above
250 MeV occurred as a result.
III. RESULTS
We first present absolute rates of DAR neutrino pro-
duction along the NuMI DIF beamline. The rates of the
most significant contributions are found to be 0.5 K+,
11.0 pi+, 27.3 µ+, and 1.9 µ− DAR ν/proton. These
totals are a factor of ∼200-400 higher per proton than
lower-energy spallation ν sources [14, 15], compensating
for the lower overall protons on target produced in DIF
facilities. When production is compared per MW beam
power we find DAR production at DIF facilities to be
roughly equal to spallation facilities. We also note that
this same general equivalence per MW also applies be-
tween the 700 kW NuMI and 32 kW Booster beamlines,
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FIG. 1: Neutrino origin distributions inside the NuMI
target hall (top) and hadron absorber (bottom), as
viewed from above.
indicating roughly an order of magnitude lower DAR neu-
trino production at the Booster.
The flux from DAR neutrinos is highest in two loca-
tions: the target hall and the hadron absorber. This
can be seen in Fig. 1 where the distribution of stopped
neutrino parents is shown in the 2D plane, viewed from
above. Neutrino production is highest in the target hall:
80% of ν are produced within a 2 m x 2 m x 60 m rect-
angular box surrounding these target and horn areas. Of
this majority, only 4% and 6% are produced directly
within the target and horns, respectively, highlighting
the important role of surrounding shielding material in
low-energy neutrino production. On the other end of the
decay pipe, a smaller but substantial 12% of DAR flux
is produced within a 3 m x 3 m x 4 m rectangular box
encompassing the hadron absorber core.
The neutrino flux below 100 MeV is shown in Fig. 2 at
an example distance of 25 m off-axis directly to the side
of the target. The flux below 53 MeV is almost entirely
from pi+ and µ+ DAR with minor (4%) DIF contamina-
tion. The two-body pi+ decay produces a mono-energetic
29.8 MeV νµ, and the three-body µ
+ decay produces a
continuous spectrum of νe and νµ up to 53 MeV. The
shoulder extending up to 100 MeV is a byproduct of µ−
capture on the nuclei of material in the target hall. The
inset of Fig. 2 shows the total flux from all flavors out
to 250 MeV to make visible the flux of mono-energetic
235.5 MeV νµ from the two-body K
+ DAR. DIF contam-
ination to K+ DAR, 1% between 230 and 240 MeV, is
also low. Spectral features from the absorber are similar,
with 2% DIF contamination below 53 MeV and a higher
13% for K+ DAR between 230 and 240 MeV.
The DAR neutrino flux produced by the 6×1020 POT
from one year of upgraded 700 kW NuMI beamline op-
eration was calculated for four (x, y, z) positions off-axis
of the beam line, and is reported in Table I. Positions
(15, 20, 0) and (0, 40, 0) are located near the target: the
3TABLE I: Flux values per 6× 1020 POT at four locations near the NuMI beam line. The µ+ and µ− DAR flux
values are integrated over an energy range of 0 to 53 MeV.
Location pi+ DAR µ+ DAR µ− DAR K+ DAR
(x, y, z) [m] Φνµ [m
−2] Φνe [m
−2] Φνµ [m
−2] Φνµ [m
−2] Φνe [m
−2] Φνµ [m
−2]
(15, 20, 0)→ 25 m from target 4.8×1017 5.8×1017 5.8×1017 1.3×1016 8.0×1015 2.1×1016
(0, 40, 0)→ 40 m from target 2.0×1017 2.5×1017 2.5×1017 5.8×1015 3.5×1015 9.4×1015
(15,−1, 753)→ 32 m from absorber 4.6×1016 5.8×1016 5.8×1016 4.6×1014 3.9×1014 1.8×1015
(53, 76, 679)→ µBooNE 6.5×1015 7.8×1015 7.8×1015 1.5×1014 1.2×1014 2.6×1014
former location is underground, adjacent to the exist-
ing NuMI target hall shaft, while the latter is directly
above the the target hall in un-improved space at ground
level. Position (15,−1, 753) is 15 m off-axis and 28 m
downstream from the hadron absorber in a large, ser-
viced underground off-axis tunnel connecting the NuMI
decay pipe and near detector hall. Finally, (53, 76, 679)
is the location of the MicroBooNE experiment.
For further illustration, charged and neutral current
neutrino interaction rates in liquid argon detector target
material were then calculated at the examined locations.
Detector target sizes of 5 t were chosen for the first three
locations to mirror the size of small LArTPCs currently
under construction [22], while a 60 t fiducial volume was
placed at the MicroBooNE detector location [23]. For
energies less than 53 MeV, theoretical calculations of the
relevant cross-sections were utilized [24], while interac-
tion rates from the 235.5 MeV νµ flux was calculated us-
ing the charged-current quasi-elastic cross-section from
Ref. [25]. Resultant interaction rates are given in Ta-
ble II.
Statistics for the various neutrino types are sizeable in
spite of the small detector sizes utilized. For comparison,
a νe sample from two years of data-taking at either ex-
amined target location could eclipse the largest existing
datasets of this type from KARMEN and LSND [26, 27],
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FIG. 2: Neutrino flux at 25 m distance from the NuMI
target with an inset showing the total flux for all flavors.
depending on the achieved detection efficiency of the uti-
lized detector. Similar statistics could be achieved near
the NuMI absorber with a slightly larger LArTPC over
a multi-year run period. We emphasize that relatively
modest improvements would be required to host a 5 t
LArTPC at some of the examined locations. We also note
again that LArTPCs of similar magnitude are presently
under construction or design, with many slated for in-
stallation within the next five years at Fermilab [22, 23].
While significant experimental challenges will be present
for these detector-location combinations, the impressive
DAR ν event rates from DIF sources clearly demand fur-
ther attention.
A. Physics Opportunities
A number of physics opportunities of significant cur-
rent interest can be pursued utilizing the DAR ν pro-
duced by DIF facilities. We make no attempt to quantify
experimental sensitivities to the physics discussed below,
however, a significant DAR ν flux warrants more exten-
sive investigation into any one of these possibilities.
The similarity in energy between µ+ DAR νe and
supernova-produced νe presents a clear opportunity
for understanding supernova neutrino detection in the
DUNE LArTPC [17]. Unlike the inverse beta decay
cross-section of νe on hydrogen, which is known to bet-
ter than 0.2% and has a single final state, the charged-
current (CC) reaction 40Ar(νe, e
−)40K∗ has many inher-
ent complexities:
1. The ground state (0+) to ground state (4−) transi-
tion is third-forbidden, while thresholds and tran-
sition strengths for the ∼20 allowed and forbidden
excited states are poorly constrained [28, 29].
2. De-excitation gammas from over half of the known
excited states have not been measured.
3. A nucleon evaporation threshold of ∼12 MeV indi-
cates production of free final-state nucleons, which
will have a major yet un-characterized impact on
reconstruction of ν energies.
Predictions of the total CC νe cross-section obtained
from measurements of 40Ti beta decay, 40Ar(p, n)40K∗
4TABLE II: Interactions per 6× 1020 POT at four locations near the NuMI beam line. All rates are integrated over
an energy range of 0 to 53 MeV with the exception of the K+ DAR 235.5 MeV νµ interaction rate.
Location
(x, y, z) [m] LAr Mass [t] CC νe CC νe NC νµ NC νµ CC νµ (235.5 MeV)
(15, 20, 0)→ 25 m from target 5.0 1.1×103 1.4 1.2×102 4.1×102 4.5×103
(0, 40, 0)→ 40 m from target 5.0 4.9×102 0.6 5.0×101 1.8×102 2.0×103
(15,−1, 753)→ 32 m from absorber 5.0 1.1×102 0.1 1.0×101 4.0×102 4.0×102
(53, 76, 679)→ µBooNE 60.4 1.8×102 0.3 1.9×101 6.5×101 6.9×102
reactions, and theoretical calculations from QRPA mod-
els differ by more than 30% at an incident neutrino
energy of 12 MeV. Similar uncertainties will also af-
fect interpretation of the neutral current (NC) reac-
tion 40Ar(ν, ν′)40Ar∗ [30, 31]. The NuMI-produced low-
energy ν fluxes described here would allow direct study of
neutrino-argon interaction final states in ton-scale LArT-
PCs. Such a measurement would facilitate realistic, data-
driven design requirements for TPC, photon detection,
and trigger systems to ensure high-efficiency supernova
neutrino detection in large underground LArTPCs.
Both the target and absorber region represent neutrino
sources that could be used for short-baseline oscillation
studies. The baseline and energy ranges of fluxes in the
locations examined above would provide sensitivity in
the eV-scale neutrino mass-splitting region suggested by
existing global fits [32]. Fermilab’s DIF facilities out-
lined above above offer a few unique advantages for such
a measurement. The sizable interaction rates of both
235.5 MeV K+-produced νµ and µ
+-produced νe could
allow for production of simultaneous searches in multiple
disappearance channels. In addition, the examined loca-
tions at ground level and in the off-axis NuMI tunnel may
naturally facilitate deployment at multiple baselines, al-
lowing allowing for more precise oscillation searches via
relative rate and spectrum comparisons. Beyond this,
absolute 235.5 K+ DAR νµ detection rate measurements
can also provide valuable constraints on cross-sections,
as described in Ref. [19], and on meson production yields
in DIF facilities.
The discussion of fluxes and physics opportunities has
thus far been constrained to existing Fermilab beam fa-
cilities. It should also be mentioned that the design
of future DIF facilities at Fermilab, in particular the
Long Baseline Neutrino Facility (LBNF), is presently un-
derway. Current LBNF beamline designs call for more
than a three-fold increase in power producing a sim-
ilar increase in total DAR fluxes. Moreover, current
timelines for this facility’s construction are amenable to
timely identification and development of a dedicated fa-
cility for DAR ν detection within proposed target or ab-
sorber facilities. Such a facility would provide enhanced
ability to address the physics goals described above, en-
abling DUNE to properly interpret both supernova and
long-baseline νe signatures [33] and to constrain domi-
nant background and systematics contributions. Similar
flux studies utilizing LBNF beamline simulations are cur-
rently underway to identify possible locations and beam-
line configurations producing optimized DAR fluxes.
B. Experimental Backgrounds
To access the physics opportunities described above,
relevant backgrounds at these energies must be miti-
gated.
Despite inherent suppression from the duty factor of
Fermilab’s DIF beams, cosmic-induced backgrounds may
pose a challenge in the detection of <300 MeV neutrinos
in LArTPCs near the surface, as outlined in Ref. [23].
While these backgrounds will complicate measurements
at MicroBooNE and the on-surface near-target location
considered here, the other locations examined are pro-
tected by modest overburdens. LArTPCs at the near-
target (15, 20, 0) and near-absorber (15,−1, 753) posi-
tions would sit beneath 20 and 85 m of rock, respec-
tively, completely removing the primary hadronic cos-
mic ray component. Reduced muon-related backgrounds
at these depths have been extensively studied in re-
cent θ13 experiments. Reported muon fluxes of 5.11
and 1.16 m−2s−1 with 45 and 98 meters rock overbur-
den (120 and 250 meters-water-equivalent) [34, 35] in-
dicate that sub-dominant cosmic backgrounds may be
possible with LArTPCs at the examined locations, espe-
cially with implementation of external muon tagging sys-
tems and topological discrimination of electron/gamma
signals from cosmic muons and their spallation products.
We also note that a DAR facility within a future LBNF
target or absorber hall would likely benefit from an even
larger degree of overburden.
For DAR pure-flavor oscillation or supernova studies,
interactions of other neutrino flavors provide additional
backgrounds to consider. These backgrounds may be ad-
dressed by utilizing the time-structure of neutrino inter-
actions. The flavor composition near the target varies
during a 10 µs NuMI spill due to differing meson and µ
decay times, as shown in Fig. 3. A similar structure is
visible in the absorber, but is delayed by 2.3 µs due to
the travel time down the decay pipe. A LArTPC uti-
lizing sub-µs resolution from its light collection system
can use this time structure to select specific neutrino
flavors. As an example, for the (15, 20, 0) location, by
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FIG. 3: Time profile of neutrino production in the
target hall during and after the 10 µs NuMI beam spill.
cutting all events in the first 10.4 µs of the beam spill,
the total νµ contribution to detected event rates below
53 MeV can be reduced by three orders of magnitude
with less than one order of magnitude loss in νe signal
statistics. It is likely that such analysis choices would
only be statistically feasible at a NuMI-like DIF facility
in a larger LArTPC, or in a future dedicated LBNF DAR
facility. TPC topology and calorimetric cuts should nat-
urally be studied further, as they are likely to provide
more efficient separation of contributions from differing
flavors and interaction channels. It should be noted that,
with respect to timing separation cuts, spallation facil-
ities are likely to be more efficient due to their shorter
beam spills. Additionally, the delayed-coincidence tag-
ging of νe events in hydrocarbon-based scintillator de-
tectors provide additional background suppression over
argon-based detectors.
Finally, backgrounds may arise from beam-produced
particles or neutrino interactions outside the detector
that produce activity inside the LArTPC. These contri-
butions are difficult to estimate with existing literature
or the simulations described here, but are nonetheless im-
portant given the proximity of the examined locations to
the major neutrino production sites. Beam-related back-
grounds can be determined with direct assays at each ex-
amined location with neutron and charged particle spec-
trometers, while ν-produced ’dirt’ backgrounds can be
estimated by propagating the neutrino fluxes described
here through a full simulation package employing neu-
trino interaction generators and subsequent propagation
of all final state particles.
IV. CONCLUSIONS
To examine the suitability of decay-in-flight neutrino
beam facilities as sites of decay-at-rest neutrino physics
experiments, we have investigated the largely-neglected
contribution of low-energy neutrinos in the Fermilab
NuMI beamline. We find overall levels of low-energy
neutrino production at NuMI to be roughly equal per
MW to those produced by more-studied spallation neu-
tron facilities. Modest liquid argon detectors similar in
size to the existing CAPTAIN or MicroBooNE experi-
ments, if placed in the vicinity of the NuMI target or
absorber, could yield thousands of decay-at-rest νe and
νµ detections. Moreover, a similar detector in a ded-
icated facility along a future Fermilab high-power long-
baseline neutrino beam has the potential to yield copious
decay-at-rest statistics valuable for properly interpreting
νe data for supernova and CP-violation results from liq-
uid argon TPCs. Detailed flux studies for future facili-
ties, further investigation of DIF ν contamination, and
dedicated background assays in NuMI near-absorber and
near-target locations, are recommended as next steps in
investigating the short- and long-term potential of this
class of experiment.
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